Acute shifts in the pressure-volume relationship of the left ventricle occur under several conditions. One potential mechanism for this phenomenon is ventricular interdependence, that is, the influence of right ventricular filling on the left ventricle. TTiis mechanism was studied in an isolated cross-circulated ejecting canine heart preparation with balloons sewn into both right and left ventricles and connected to volumetric chambers allowing continuous and accurate simultaneous measurement of right and left ventricular pressures and volume. Seta of left ventricular pressure-volume loops were obtained under a variety of right ventricular volumes. Experiments were repeated with and without the pericardium. Both diastole and systole were studied. We show that in the pericardium-free heart working over a normal range of volumes, the right ventricle exerts little influence on left ventricular pressure. With the pericardium present, there is a small but significant effect of right ventricular volume on left ventricular pressure during systole and diastole. Over a wider range of volumes imposed in the arrested heart, the right ventricle does influence left ventricular pressure even without the pericardium. Thus we have demonstrated that ventricular interdependence is not likely to lead to large acute pressure-volume shifts, either during diastole or systole, except in the presence of considerably above normal right ventricular volumes. Cine Res 49: [382][383][384][385][386][387][388] 1981 
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Pressure-Volume Relationship of the Ejecting Canine Left Ventricle W. LOWELL MAUGHAN, CLAYTON H. KALLMAN, AND ARTIN SHOUKAS SUMMARY Acute shifts in the pressure-volume relationship of the left ventricle occur under several conditions. One potential mechanism for this phenomenon is ventricular interdependence, that is, the influence of right ventricular filling on the left ventricle. TTiis mechanism was studied in an isolated cross-circulated ejecting canine heart preparation with balloons sewn into both right and left ventricles and connected to volumetric chambers allowing continuous and accurate simultaneous measurement of right and left ventricular pressures and volume. Seta of left ventricular pressure-volume loops were obtained under a variety of right ventricular volumes. Experiments were repeated with and without the pericardium. Both diastole and systole were studied. We show that in the pericardium-free heart working over a normal range of volumes, the right ventricle exerts little influence on left ventricular pressure. With the pericardium present, there is a small but significant effect of right ventricular volume on left ventricular pressure during systole and diastole. Over a wider range of volumes imposed in the arrested heart, the right ventricle does influence left ventricular pressure even without the pericardium. Thus we have demonstrated that ventricular interdependence is not likely to lead to large acute pressure-volume shifts, either during diastole or systole, except in the presence of considerably above normal right ventricular volumes. Cine Res 49: [382] [383] [384] [385] [386] [387] [388] 1981 AS EARLY as 1914, Henderson and Prince (1914) noted that the left ventricular pressure-volume relationship was altered by right ventricular filling This phenomenon, now referred to as ventricular interdependence, has been confirmed for diastole in postmortem hearts (Laks et al., 1967; Taylor et al., 1967) and working hearts under both isovolumic conditions (Santamore et al., 1976) and ejecting conditions (Moulopoulos et al., 1965; Bemis et al., 1974; Elzinga et al., 1974) . However, there has been little information regarding the conditions under which ventricular interdependence may be important. It has been suggested (Glantz and Parmley, 1978; Ross, 1979 ) that interdependence may play a significant role in determining the left ventricular diastolic pressure-volume relationship under normal physiological conditions, especially in the presence of the pericardium. Mirsky and Rankin (1979) suggest that changes in pericardial pressure are more likely than interdependence, to explain acute diastolic pressure-volume shifts, although Ross (1979) suggests that pericardial factors may contribute significantly to ventricular pressure in some circumstances, whereas ventricular interdependence may explain acute diastolic pressure-volume shifts under other circumstances.
The possible role of ventricular interdependence as a mechanism for the acute pressure-volume shift associated with vasodilator drugs (Ludbrook et al., 1977; Brodie et al., 1977) has led us to question under what loading conditions quantitatively significant ventricular interdependence occurs, whether it is limited to diastole, and to what extent interdependence depends on the presence and state of the pericardium.
Because pericardial pressures, ventricular filling, and the interaction of one ventricle on the other are interrelated, it has been difficult to separate the magnitude of the contribution of each of these factors to the overall pressure-volume relationship. It is difficult to apply to ejecting ventricles, the results of previous studies of ventricular interdependence done in dead hearts (Laks et al., 1967; Taylor et al., 1967) or under ischemic conditions (Santamore et al., 1976) . Conclusions from studies in ejecting hearts are limited by the use of singledimensional methods which introduce variable errors where there are changes in overall geometry (Bemis et al., 1974) . Several studies have not excluded the effect of atrial interactions (Moulopoulos et al., 1965; Bemis et al., 1974; Elzinga et al., 1974) . In addition, there have been no direct studies, to our knowledge, of the effects of the pericardium and interdependence of systolic pressure-volume relationships with or without simultaneous study of the diastolic pressure-volume relationship.
The goal of the present study was to quantify the influence of right ventricular filling on the pressurevolume relationship of the left ventricle in both the presence and absence of the pericardia! sac. To eliminate the influence of vascular connections, changes in atrial volume, external pressure changes, reflex changes, inotropic changes, and changes in coronary blood flow, we used an isolated ejecting canine heart preparation in which the pressurevolume relationships of the right ventricle and left ventricle could be recorded simultaneously.
Methods

Surgical Preparation
Thirteen pairs of mongrel dogs weighing from 20 to 25 kg were used. Each pair was anesthetized with sodium pentobarbital (25 mg/kg, iv). The chest of one dog was opened under artificial ventilation. The subclavian artery and right atrium were cannulated and connected to the femoral arteries and veins, respectively, of the support dog. The azygous veins, superior and inferior venae cavae, brachio-cephalic artery, and descending aorta were ligated. Crosscirculation was completed with ligation of the pulmonary vessels. The heart was removed from the chest and suspended above a funnel ( Fig. 1 ). Coronary flow was adjusted by means of a peristatic volume pump (Harvard model 1215) so that the mean coronary perfusion pressure would be between 100 and 125 mm Hg, corresponding to a flow in the range of 100-200 ml/min and remain at this preset level for the duration of the experiment. The coronary perfusion line passed through a heat exchanger to maintain the heart temperature at 37°C.
Small incisions were made in the pericardium over the right and left atrium. Both ventricles were vented and the atria opened. Coronary venous return then drained freely into a funnel and was returned to the femoral vein of the support dog. After the chordae tendinae had been cut, a thinwalled balloon with an unstressed volume of 55 ml was placed in the lumen of each ventricle. The balloon contained a miniature pressure transducer (Konigsberg model P-21) and was attached to a metal connector device. The connector was secured with a purse-string suture in the atrioventricular annulus. The neck of the right ventricular balloon was pulled out through a small opening in the pulmonary artery, and the neck of the left ventricular balloon through an apical incision. The space between the balloon and ventricular wall was minimized by applying continuous suction through the vent. The pericardial space was vented to air through the incisions over the right and left atria.
Both balloons were filled with tap water and connected to volumetric chambers consisting of plastic cylinders surrounded by an outer constanttemperature water jacket. Each cylinder contained a pair of stainless steel electrodes which were connected as one arm of a Wheatstone bridge and could measure the electrical conductance of a medium between them. The ventricular balloons emptied their contents into the cylinders during systole and were filled with water from them during diastole. A change in the volume of the intraventricular balloon resulted in a change of the fluid level in the volumetric cylinder, which was sensed as a changed conductance between the electrodes. This volumet- figure) and filled with tap water. The balloons fill from and eject into the volumetric chambers. Chamber pressure is adjusted by adding or withdrawing air from the air chamber above the volumetric chamber. Resistance is adjusted by a screw clamp (not shown) on the tube connecting the balloon and volumetric chamber. Water temperature is kept constant with a heat exchanger surrounding the volumetric chamber. Balloon volume is measured as a changed conductance across the two electrodes in the volumetric chamber. Pressure is measured by the miniature pressure transducer contained in the balloon. Coronary perfusion occurs by retrograde aortic flow, coronary venous flow being collected in a funnel and returned to a support dog for oxygenation. VOL. 49, No. 2, AUGUST 1981 ric cylinder has been shown to be accurate to 0.5 ml over a range from 0 to 100 ml and allows instantaneous ventricular volume determination throughout the cardiac cycle (Suga and Sagawa, 1979) . The loading condition of either ventricle was determined by the air pressure in the volumetric chamber and a 1-liter air chamber connected to the top of the volumetric chamber. By changing the pressure in the air chamber, the ventricle could be made to eject from a wide range of end-diastolic volumes.
The afterload pressure was determined by the compliance of the air-filled chamber and the inertia of the ejected fluid. Pressure zero was set at the level of the atrioventricular groove. The hearts were electrically stimulated at a constant rate of approximately 120 beats/min and the stimulus artifact recorded for later timing purposes. Ventricular pressures and volumes were monitored on a strip chart recorder (Brush model 480), and also digitalized on line at 5-msec intervals and stored on magnetic tape (Nova 1220 computer).
Experimental Protocol
Ejecting Hearts Three sets of left ventricular pressure-volume loops were recorded. An example of one set of four loops is shown in Figure 2 . With the right ventricle totally empty, the first set of four left ventricular pressure-volume loops was obtained by adjusting the amount of air above the left ventricular volumetric cylinder. Loops were recorded after a steady state had been achieved (approximately 2-3 minutes). Data were accepted for analysis if the pressure at any time in the initial pressure-volume loop did not differ by more than 5% from pressures obtained under the same loading conditions at the completion of that experimental run. The right ventricle was then filled so that it ejected into and rilled from its own volumetric chamber. When the right ventricular end-diastolic volume was approximately equal to the highest left ventricular enddiastolic volume, a second set of left ventricular pressure-volume loops was recorded. In a manner similar to that described above, the load on the right ventricle was further increased so that the diastolic volume would be approximately twice the highest left ventricular end-diastolic volume, and a third set of left ventricular pressure-volume loops obtained.
Finally, the pericardium was removed from the heart and the entire experiment was repeated to obtain three sets of four left ventricular pressurevolume loops under three different levels of right ventricular filling.
Arrested Hearts
At the completion of the experiment, coronary perfusion was stopped and the whole heart underwent ischemic arrest. After all motion had ceased, a passive left ventricular pressure-volume curve was 10 20 30
LV VOLUME (ml) obtained by slowly emptying the left ventricle from a distended state over a 1-minute period while continuously recording pressure and volume. This was repeated under conditions of an emptied right ventricle, and a right ventricle filled with 25, 50, and 75 ml of fluid. The zero pressure reference was set at the same level as was the beating heart.
Statistical Methods
The prediction of left ventricular pressure in working hearts was analyzed separately for the condition of pericardium on and pericardium off at end systole and end diastole. Left ventricular pressure was analyzed separately in arrested hearts for the condition pericardium on and pericardium off. For each of the six analyses, a step-wise model building procedure using a multiple analysis of covariance was employed (Uhlenhuth et al., 1969) . In this procedure, the model initially contains first order measures of left and right ventricular volumes, as well as a discrete variable to remove variability due to dogs. If a first order measure was significant, higher order terms were added to the model one at a time until the added term was found to be not significant. All previous lower order terms were then retained in the final model. The reported results omit the discrete variable for dogs.
Results
Ejecting Hearts
Without Pericardium
The diastolic volume range of nine left ventricles was 14.3 ± 5.2 ml to 32.3 ± 8.6 ml (maximum diastolic pressure for all hearts averaged 14.0 ± 8.3 mm Hg). Multiple covariance analysis was applied to the end-systolic pressure-volume points as previously described. The resulting multiple covariance least squares regression equation was: LVP = 6.47 LVV -0.28 (LVV -18.9) 2 + 0.01 (LW -18.9) 3 + 0.16 RVV -63.0 where LVP is left ventricular pressure, LVV is left ventricular volume, and R W is right ventricular volume. In addition to the expected highly significant correlation of left ventricular pressure with left ventricular volume {F = 315, P « 0.001), there was also significant correlation with the second order left ventricular volume term (F = 53, P <K 0.001), and the third order term (F = 15, P < 0.01). There was no significant correlation with right ventricular volume (F -2.2, P -NS). The upper lines in Figure  3A illustrate the regression equation for right ventricular volumes of zero, 25 ml, and 50 ml.
The lower three lines in Figure 3A are plots of the regression equation derived from data obtained near end diastole at the time of the pacing stimulus in the ejecting pericardium-free hearts. The equation for the least squares regression was: LVP = 0.72 L W -0.01 R W -8.74. Over the range studied, left ventricular pressure had a significant linear correlation with left ventricular volume (F = 24, P « 0.001), but no significant regression with right ventricular volume (F = 0.02, P = NS), or higher order left ventricular terms. 
With Pericardium
Data from seven experiments in three hearts were analyzed. Left ventricular volume was studied over the range of 13.8 ± 2.5 ml to 31.9 ± 8.5 ml (maximum LVEDP = 35.9 ± 14.7 mm Hg). This was similar to the volume range studied with the pericardium removed, but because of the presence of the pericardium, pressures were higher. The right ventricular volume range was 0 to 37.2 ± 11.5 ml (maximum RVEDP = 52.4 ± 24.2 mm Hg). The least squares regression equation was: LVP = 9.50 L W -0.25 (LW -18.0) 2 + 0.39 R W -97.4. With the addition of the pericardium, not only is the left ventricular pressure linearly correlated with left ventricular volume (F = 230, P <sc 0.001), and the left ventricular volume squared (F = 18.7, P< 0.01), but also with right ventricular volume (F = 7.4, P < 0.01).
The top three lines in Figure 3B illustrate the above regression equation for right ventricular volumes of 0, 25, and 50 ml. The botton three lines illustrate the relationship during diastole. The regression equation derived from the diastolic data was: LVP = 1.23 LVV + 0.16 RVV -15.6. In the presence of the pericardium, there was significant linear regression with both left ventricular volume (F = 60.8, P <K 0.001) and right ventricular volume (F = 7.5, P < 0.01). By comparing Figure 3A and 3B one can see that the curves represented by the equations obtained with the pericardium intact are shifted upward from those obtained without pericardium.
Arrested Hearts
Without Pericardium
Data from seven experiments in six hearts were analyzed. The left ventricular volume range was 15-45 ml (maximum LV pressure = 67.9 ± 10.1 mm Hg) and a right ventricular volume range of 0-75 ml (maximum RV pressure = 88.5 ± 65.5 mm Hg). The multiple covariance analysis procedure was applied to this set of data and the resulting equation was: LVP -0.85 LVV + 0.04 (LVV -30) 2 + 0.18 RVV + 0.004 (RW -33) 2 -26.92
There is significant linear regression between left ventricular pressure and left ventricular volume (F -195, P <K 0.001), as well as right ventricular volume (F = 44.8, P<K 0.001) and relationship with the second order terms of left ventricular volume (F = 28.4, P <K 0.001), and right ventricular volume (F = 10.5, P < 0.005). This relationship is illustrated in the left panel of Figure 4 for right ventricular volumes for zero, 25, 50, and 75 ml.
With Pericardium-Seven experiments were performed on five hearts. The left ventricular volume range studied VOL. 49, No. 2, AUGUST 1981 LVP (mmHg) was 15-45 ml (maximum LV pressure 64.9 ± 21.1 mm Hg) and the right ventricular volume range of 0 to 75 ml (maximum RV pressure = 108.1 ± 50.1 mm Hg With the pericardium present, there was significant linear regression between left ventricular pressure, left ventricular volume (F = 153.4, P <K 0.001), right ventricular volume (F = 44.8, P <K 0.001), left ventricular volume squared (F = 15.3, P «: 0.005), and borderline significant correlation with right ventricular volume squared (F = 5.5, P < 0.025). The curves represented by this equation are illustrated in the right side panel of Figure 4 for right ventricular volumes of zero, 25, 50, and 75 ml.
Discussion
We have shown that right ventricular volume has relatively little influence on left ventricular pressure over the normal working range of the heart. In the absence of the pericardium, there was no significant change in left ventricular pressure in either systole or diastole over a wide range of right ventricular volumes. With the pericardium present, there was a statistically significant but quantitatively small increase in both systolic and diastolic left ventricular pressure as right ventricular volume increased. When the volume range studied was extended outside physiological limits in the arrested heart, quantitatively significant ventricular interdependence was shown at very high volumes, both with and without the pericardium.
The present study has a number of advantages over previously obtained data. Volume measurements have been a potential source of error in previous studies. Most studies on the shift of pressure-volume relation curve have relied on measurements of a single dimension or on biplane cineradiographic methods and have thus been dependent on geometric assumptions for volume determination. There is reason to believe that acute changes in right ventricular loading lead to septal deformation which invalidate the geometric assumptions used (Diamond and Forrester, 1972; Santamore et al., 1976) . In the present study, we avoid this difficulty by using a direct volume measurement technique.
In addition, both diastolic and systolic pressurevolume curves were obtained in the same group of hearts, over a very wide range of volumes, with control of multiple factors which influence left ventricular pressure and volume, including right and left atrial pressures, pulmonary artery and aortic pressure, intrathoracic pressure, reflex changes, inotropic background, coronary blood flow, and the pericardium. The experimental design also allowed for statistical analysis so that we could calculate a three-dimensional pressure-volume surface at any given time during the cardiac cycle.
In our preparation, preload and afterload were not separately controlled: The system also had free regurgitation and therefore did not mimic the loading system found under normal intact conditions. However, in previous studies of the ventricular pressure-volume relationships of both the right and left ventricles, the time varying elastance E(t) (E(t) = P(t)/V(t) -Vd) at any given time was found to be relatively independent of loading conditions and mode of contraction (Suga and Sagawa, 1974; Maughan et al., 1979) . We therefore do not believe the loading pattern used alters the results.
The interaction between right ventricular volume and left ventricular pressures is illustrated in Figures 3 and 4 . In the working heart, only with the pericardium present did we show significant interdependence. In the derived least squares regression equation for left ventricular pressure, the coefficient for the right ventricular volume contribution was 0.39, whereas the coefficient for the left ventricular volume contribution was 9.59, showing that during systole the contribution of left ventricular volume to left ventricular pressure is 27 times greater than that of the right ventricular volume. During diastole the right ventricular volume contribution was 8 times as great as the left (coefficient of 1.23 vs. 0.16). Only when we examined data from arrested hearts including volumes well above normal filling did we show a quantitatively important dependence of left ventricular pressure on right ventricular vol-ume relative to the influence of left ventricular volume.
These data are consistent with those of Taylor et al. (1967) and Moulopoulos et al. (1965) who show that, at physiologically normal levels of right ventricular fillings there is little or no effect of right ventricular filling on left ventricular end-diastolic pressure. Glantz et al. (1978) , on the other hand, showed data suggesting that interdependence occurs over the entire range of pressures. This difference may be related to the in vivo preparation used by Glantz which included atria in the pericardial sac, and to his use of dimensions instead of direct measurement techniques to calculate volume. Since the atria share a common wall with the ventricles as well as each other, and are contained within the pericardial sac, it is possible that atrial volume contributes significantly to right and left heart interdependence. We purposefully excluded the atria from our preparation in order to study ventricular interdependence alone. We recognize that, under more physiological conditions in the intact circulation, a combination of atrial interdependence, atrioventricular interdependence and ventricular interdependence may result in larger pressure-volume alterations than those shown here. However, it is clear that, in this preparation, only under circumstances of a very distended ventricle is it reasonable to invoke ventricular interdependence alone as a mechanism of Large pressure-volume shifts. In any case, there is agreement that at low volumes the amount of all types of right and left heart interdependence is small.
Under most conditions, the results during systole did not differ from the results for diastole. In the absence of the pericardium, there was no significant interdependence shown over the volume range studied. Because of electrical instability and myocardial damage with distention, we were not able to extend these systolic observations to very large volumes. During systole, with the pericardium intact, interdependence was demonstrated. As discussed below, the amount of interdependence was very small.
The role of the pericardium in ventricular interdependence has been particularly difficult to assess. In many experimental preparations, including our own, an increase in pressure is highly dependent on the size of the pericardial sac and can readily be altered depending on how widely the pericardium is incised for instrumentation and to what extent the cut edges of the pericardium are approximated or overlapped during suturing. In our preparation, small incisions were made in the pericardium over the area of the right and left atrium, and after insertion of the ventricular balloons the pericardium was loosely approximated and sutured.
Our results are very consistent with the model of Mirsky and Rankin (1979) which suggests that left ventricular pressure is significantly altered by pericardial effects but that the ventricular interde-pendence effect is relatively small. It is in conflict with those of Glantz, who suggests that left ventricular pressure is more dependent on right ventricular filling then left ventricular filling. Our data would suggest that this would be true only at very high levels of right ventricular filling, outside the physiologically normal range, or with pericardial restriction.
It has been suggested (Holt et al., 1960 ) that, like a paper bag, the pericardium has a very flat compliance curve up to some inflection point, and above this "unstressed volume" there is a very steep compliance curve. If the functional compliance curve of the intact pericardium were of this shape, we would expect to find that, even when end-diastolic filling was restricted by low pericardial compliance, as heart size rapidly decreased during systole, the effect of the pericardium would disappear. This does not appear to be the case. Our data show a significant effect of right ventricular volume on the pressure-volume relationship of the left ventricle during systole (Fig. 3) . One possibility is that, although the pericardium has a compliance curve like a paper bag (flat to some inflection point, then very steep), it has an intrinsic shape different from the systolic shape of the heart, so that some portions of the ventricle may be restricted during systole while others are not. Under this condition, the systolic pressure-volume relationship could be shifted, even though the overall pericardial volume is less than the "unstressed" volume of the pericardium (i.e., on the flat portion of the pericardial pressure-volume relationship). A second potential mechanism of systolic pressure-volume shift is the influence of diastolic events on systolic function. It is possible that the presence of the pericardium alters the distribution of diastolic load in the ventricular wall such that systolic pressure is altered, shifting the systolic pressure-volume relationship.
In summary, we have demonstrated that in the normal physiological volume range, ventricular interdependence is not likely to lead to large acute pressure-volume shifts, either during diastole or systole, even in the presence of the pericardium. It must be remembered however, that in the intact animal or humans, especially in disease states, the heart may work outside what we ordinarily consider the normal physiological volume range. son, 1965; Suga et al., 1973; Suga and Sagawa, 1974; Sagawa, 1978; Suga et al., 1979 Suga et al., , 1980 . The viBcoelastic model of skeletal muscle contraction was finally abandoned because Fenn (1923) showed that, for this type of muscle, the energy liberated when work was performed was higher than that measured during isometric conditions. For the intact heart this has not been found (Weber and Janicki, 1977) , but arguments have been put forward that energetically, as well as mechanically, the left ventricle resembles also a time-varying compliance (Khalafbeigui et al., 1979; Elzinga and Westerhof, 1980a) . This implies that the viscoelastic model, rejected for skeletal muscle contraction, appears to be valid for the intact ventricle. This difference between skeletal muscle and the heart could
